ABSTRACT To reduce populations of hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), Ͼ500,000 Sasajiscymnus tsugae (Sasaji and McClure) (Coleoptera: Coccinellidae) have been released in the Great Smoky Mountains National Park since 2002. To determine factors affecting establishment and recovery of these predatory beetles, 65 single release sites were sampled using beat sheets from 2008 to 2012. Several abiotic and biotic factors were evaluated for their association with establishment and recovery of S. tsugae. Information on predatory beetle releases (location, year of release, number released, and season of release), topographic features (elevation, slope, Beers transformed aspect, and topographic relative moisture index), and temperature data (minimum and maximum temperatures 1 d after release and average minimum and maximum temperatures 7 d after release) were obtained from Great Smoky Mountains National Park personnel. These factors were evaluated using stepwise logistic regression and Pearson correlation. S. tsugae was recovered from 13 sites 2 to 10 yr after release, and the greatest number was recovered from 2002 release sites. Regression indicated establishment and recovery was negatively associated with year of release and positively associated with the average maximum temperature 7 d after release and elevation (generally, recovery increased as temperatures increased). Several signiÞcant correlations were found between presence and number of S. tsugae and year of release, season of release, and temperature variables. These results indicate that releases of S. tsugae should be made in warmer (Ϸ10 Ð25ЊC) temperatures and monitored for at least 5 yr after releases to enhance establishment and recovery efforts.
eastern United States, hemlock woolly adelgid has three generations, two of which (the sistens and progrediens) are parthenogenic and reproduce on hemlock (McClure 1989 , Deal 2007 . The third generation (the sexuparae) has winged adults, and immatures develop in conjunction with progrediens on hemlock from heterogeneous egg masses oviposited by the sistens. However, adult sexuparae, which require an alternate host unavailable in the United States, are not known to reproduce in this region (McClure 1989 , Deal 2007 . In Tennessee, sistens generally begin to oviposit in early February, with egg hatch initiating in early March (Deal 2007) . On hatching, progrediens and sexuparae quickly develop to adults, and oviposition of sisten eggs by progrediens begins in 6 to 8 wk. Winged adult sexuparae are usually observed in May. Sisten eggs hatch into crawlers that settle and begin aestivation in mid to late June, and development resumes in early to mid-October. Owing to climatic differences, sistens may oviposit and progrediens and sexuparae may hatch 1 mo earlier and progrediens may begin oviposition 2 mo earlier in Tennessee than in New England (McClure 1989 , Deal 2007 .
Hemlock woolly adelgid feeds at the base of needles on stored sugars in xylem ray parenchyma (Young et al. 1995) . Owing to prolonged feeding by hemlock woolly adelgid, hemlock mortality is more rapid in southern than northern forests (Nuckolls et al. 2009, Spaulding and Rieske 2010) . In the southern Appalachians, hemlock tree mortality occurs 3Ð 6 yr after infestation of hemlock woolly adelgid, while in the northeastern United States, hemlock mortality occurs 4 Ð10 yr after infestation (NPS 2005 , Spaulding and Rieske 2010 , Ford et al. 2012 . Extensive mortality of eastern hemlock may be because of tree susceptibility, high numbers of hemlock woolly adelgid, and low populations of native predators of hemlock woolly adelgid (Cheah and McClure 1996) .
A suite of predatory insect species, some of which feed on hemlock woolly adelgid, has been collected from various hemlock species worldwide. For example, 54 lady beetle species were collected in China from three hemlock speciesÑTsuga dumosa (D. Don) Eichler, Tsuga forrestii Downie, and Tsuga chinensis (Franchet) Pritzel (Yu et al. 2000) . Furthermore, 55 predatory species representing 14 families were recovered from western hemlock, Tsuga heterophylla (RaÞnesque-Schmaltz) Sargent, in the western United States. The abundances of larval Laricobius spp., adult Laricobius nigrinus Fender (Coleoptera: Derodontidae), and adult Leucopis argenticollis Zetterstedt (Diptera: Chamaemyiidae) on western hemlock were found to be positively correlated to hemlock woolly adelgid, and considered to be hemlock woolly adelgid specialist predators (Kohler et al. 2008) . In the eastern United States, Ͼ60 generalist predatory species belonging to 21 families in Þve orders have been documented from eastern hemlock (Wallace and Hain 2000, Buck et al. 2005) . However, none of the species found on eastern hemlock is a specialist predator of hemlock woolly adelgid.
To increase populations of natural enemies of hemlock woolly adelgid in the eastern United States, a biological control program was initiated in 1993. As part of the biological control program against hemlock woolly adelgid, Ͼ3.5 million Sasajiscymnus tsugae (Sasaji and McClure) (Coleoptera: Coccinellidae) and 102,000 L. nigrinus have been released in the eastern United States. Of these, Ϸ500,000 S. tsugae and Ϸ12,000 L. nigrinus were released in the GRSM from 2002 to 2007 to 2007 , respectively (Grant et al. 2010c , Webster 2010 , Jetton et al. 2011 . Adults of both predatory species and the larvae of S. tsugae feed on all stages of hemlock woolly adelgid, but larvae of L. nigrinus only feed on eggs of hemlock woolly adelgid (Cheah and McClure 1996 , Cheah 2004 , Salom 2004 . Because it is able to feed on all stages of hemlock woolly adelgid, it is important to note that suitable food resources are available year-round for S. tsugae.
Periodic recoveries of these two predatory species in areas of release are encouraging. In a study examining establishment of L. nigrinus throughout the eastern United States, L. nigrinus was recovered from 13 of 22 release sites, and its establishment was positively associated with minimum winter temperature and number of beetles released ). In addition, L. nigrinus was recovered from three sites (27.3%; 3 of 11 sampled sites) from GRSM (Grant et al. 2010b) , and the number of adult L. nigrinus collected at one site in North Carolina increased from Ϸ50 in November 2009 to Ͼ550 in April 2010 (McDonald et al. 2010) .
Likewise, S. tsugae has been recovered in several areas of release in the United States. In the northeastern United States, adults and larvae of S. tsugae were recovered from several sites 5 yr after release and had dispersed 0.93 km from the original release site (Blumenthal 2002 , McClure and Cheah 2002 , Cheah et al. 2005 . In North Carolina, adult S. tsugae were recovered from several release sites 1 to 2 yr after releases (McDonald et al. 2008) . In a study conducted in Tennessee near GRSM, S. tsugae released in whole-tree canopy enclosures were recovered for several consecutive years after the enclosures were removed (Grant et al. 2010a . Furthermore, coexistence of S. tsugae and L. nigrinus has been documented in some release sites (Hakeem et al. , 2011 , which indicates that these predatory beetles are compatible and may enhance biological control efforts against hemlock woolly adelgid.
Despite the widespread releases of S. tsugae and its sporadic recovery in several areas of the eastern United States, little is known about the abiotic and biotic factors that may inßuence establishment and recovery of populations of S. tsugae. Knowledge of these factors would enhance current biological control programs against hemlock woolly adelgid by increasing the probability of establishment of S. tsugae. In 2008, a study was initiated in GRSM to determine the incidence of S. tsugae at release sites and to identify abiotic and biotic factors that affect establishment and recovery of these introduced predatory beetles. June 2012, and some sites were sampled multiple (as many as three) times. These sampling dates coincided with expected activity of S. tsugae in the Þeld, as adults and larvae of S. tsugae have been observed in release sites in Tennessee from February through November (Deal 2007 , Grant et al. 2010b . At each site, beat-sheet sampling was conducted for four person-hours. Sampling was conducted within 100 m of the release site, and beat-sheet sampling was performed by striking accessible branches from ground level to a height of Ϸ2.5 m Þve to eight times with a wooden rod while holding a canvas beat sheet (71 by 71 cm) beneath the branch to catch adults and larvae of dislodged predators. Depending on the size of the tree, one to three beat-sheet samples were collected per tree. Voucher specimens were placed in 2-ml vials and taken to the laboratory for identiÞcation and conÞrmation. Vouchers of suspected larvae were maintained in a jar (2.64 liters) with hemlock twigs (10 Ð15 cm) infested with hemlock woolly adelgid until emergence as an adult. Specimens were identiÞed and conÞrmed by the authors (A.H. and G.J.W.) and staff at the Lindsay Young BeneÞcial Insects Laboratory (J.P.P. and other personnel, University of Tennessee). Voucher specimens were stored at the Integrated Pest Management and Biological Control Laboratory at the University of Tennessee.
Materials and Methods

Assessment
Assessment of Abiotic and Biotic Factors Affecting Establishment and Recovery of S. tsugae. Several factors associated with releases of S. tsugae were assessed to evaluate their inßuence on establishment and recovery of predatory beetle populations. The number of adult S. tsuage released, the year of release, and the season of release, which was designated by release date (Winter: 24 JanuaryÐ17 March [season ϭ 1]; Spring: 22 MarchÐ16 June [season ϭ 2]; Summer: 25 JuneÐ10 July [season ϭ 3]; no releases from 11 July to 23 January were assessed), were evaluated for their inßuence on establishment. Topographic variables that characterize physical site conditions (such as aspect, elevation, and slope) were obtained from GRSM personnel for each site. Elevation data (10-m resolution) were included, and slope was calculated from the elevation data for all release sites in ArcMap 10 (Environmental Systems Resource Institute [ESRI] 2010; elevations for all recovery sites are provided in Table 1 ). Aspect was transformed using Beers method (Beers et al. 1966) , which provides a weighted value to indicate site exposure to sunlight, and was included in analyses. Topographic relative moisture index (TRMI; Parker 1982), which is a measure of potential soil moisture calculated from elevation and slope, also was analyzed for inßuence on establishment of S. tsugae. Climate data are continually collected from several weather stations throughout GRSM, and temperature data for the release period of each study year were obtained from 10 weather stations from GRSM personnel (Fig. 1) . Temperature data, including minimum and maximum temperatures for the day after releases and the average minimum and maximum temperatures for the 7-d period after releases, were acquired from the weather station closest to each release site. Data Analysis. Data were analyzed using logistic regression and Pearson correlation in SPSS 18.0 (SPSS 2009). All repeated samples were entered as a separate sampling date. Backward stepwise logistic regression was used to select signiÞcant variables (P ϭ 0.05) associated with establishment of S. tsugae. The dependent variable was presence of S. tsugae (i.e., recovery at a release site) and the independent variables were year of release, number of S. tsugae released, season of release, elevation, slope, Beers transformed aspect, TRMI, minimum and maximum temperatures 1 d after release, and average minimum and maximum temperatures for the 7-d period after release. To further evaluate the association of these factors with establishment of S. tsugae, Pearson correlations were performed between the independent variables listed above and presence of S. tsugae, number of adult S. tsugae, number of larval S. tsugae, and total number of S. tsugae at recovery sites.
Results and Discussion
Assessment of Establishment of S. tsugae. From 2008 to 2012, 614 S. tsugae (n ϭ 316 adults and n ϭ 298 larvae) were recovered in beat-sheet sampling from 13 of 65 (20%) sites in GRSM ( Fig. 1 These Þndings underscore the importance of continued and repeated monitoring of biological control agents after releases. Recoveries of S. tsugae were made 2 to 10 yr after releases, illustrating the importance of monitoring several years after releases. Furthermore, S. tsugae was not recovered from 6 of the 13 recovery sites the Þrst time they were sampled, but was recovered from all six of these sites after a second sampling was conducted, illustrating the importance of repeated sampling at the same site. Of the sites where S. tsugae was not recovered, four release sites were sampled twice, and all others were sampled once. Lack of recovery of S. tsugae from these sites does not necessarily mean that S. tsugae is not established, and continued sampling at these sites may yield S. tsugae in the future.
This study also documented several recoveries of S. tsugae in areas where multiple or clusters of release sites occurred. Three release sites near Laurel Falls were in proximity to each other (Ϸ500 m), and the total number of S. tsugae released in 2002 at these sites was 4,827 (Table 1 ). In 2008, S. tsugae was recovered from two of these sites, and S. tsugae was recovered from all three sites in 2009 and 2012. In addition, in 2012 sampling, the numbers of S. tsugae collected were 37% higher (n ϭ 336) than in 2008 (n ϭ 123; Fig, 2 ), which suggests that populations of S. tsugae are increasing over time (Table 1; Fig. 2 ). Larvae and adults of S. tsugae also were recovered from two of three release sites along the Gregory Ridge Trail (within Ϸ1 km of each other) and one of four release sites near Buckhorn Gap (within 1.5 km of each other). Documentation of S. tsugae in these areas of multiple releases may indicate that multiple or clusters of releases in proximity can aid these beetles in Þnding mates and prey, promote reproduction, and increase the likelihood of establishment and recovery of S. tsugae.
Assessment of Abiotic and Biotic Factors Affecting Establishment and Recovery of S. tsugae. Several factors were identiÞed as important to establishment and recovery of S. tsugae in GRSM. Backward stepwise logistic regression selected the year of release (P ϭ 0.001), average maximum temperature 7 d after re- lease (P ϭ 0.035), and elevation (P ϭ 0.031) as signiÞcant variables associated with establishment and recovery of S. tsugae on eastern hemlock in GRSM (Table 2) . This model explains 58% (R 2 ϭ 0.580) of S. tsugae recovery on eastern hemlock in GRSM. No other variables were signiÞcant.
The signiÞcant inverse relationship between year of release and presence of S. tsugae suggests that the likelihood of detecting establishment of S. tsugae increases as the duration of time since release increases. A similar association between year of release and presence of S. tsugae was previously documented . When coccinellid beetles, such as S. tsugae, are released, they may disperse and have difÞculty Þnding mates. This dispersal may slow the rate of population growth, thus, requiring a longer period of time for populations to grow and attain detectable levels. For example, no S. tsugae was recovered from the 2002 release sites during sampling conducted in 2003 (Lambdin et al. 2006 ), yet S. tsugae was recovered from eight of these sites 6 to 10 yr after releases. In addition, S. tsugae was not recovered from Lynn Camp (2002 release site) in 2008 sampling, but was recovered in 2012 sampling, which suggests that S. tsugae may have been present in 2008, but population levels were undetectable.
The signiÞcance of the average maximum temperature 7 d after release indicates that warmer temperatures (Ϸ10 to 25ЊC) in the Þeld are more conducive to establishment. This Þnding also may illustrate the necessity of acclimatizing beetles to Þeld conditions before release. Insectaries rear and maintain colonies of S. tsugae at warm (Ϸ24 to 30ЊC) temperatures. Thus, temperatures similar to rearing conditions at the time of Þeld release may enhance initial survival of S. tsugae. Early season releases may require acclimatization to minimize inactivity, mortality, or both, because of sudden exposure to low temperatures. Releases made in April through June may not require acclimatization, as temperatures in the Þeld during this time of year may be similar to rearing conditions, allowing predators to adjust to any minor temperature differences between insectaries and the Þeld.
The signiÞcance of elevation in the regression model suggests that certain elevations may be more suitable for establishment of S. tsugae. It is important to note, however, that S. tsugae were recovered from elevations ranging from 669 to 1,086 m ( Table 1) . Seven of the 13 recovery sites were above 915 m (3,000 feet), and the three sites from which the most S. tsugae were recovered (Laurel Falls 1, 2, and 3) are all above this elevation. However, no signiÞcant associations were identiÞed between establishment or recovery of S. tsugae and elevation using Pearson correlation (Table 3). Interactions between temperature and elevation of certain release sites may have enhanced establishment, as warmer temperatures (i.e., above 0ЊC) contribute to establishment of S. tsugae. For example, releases in all but one recovery site were made in the spring or summer of the year (Table 1 ). The temperatures during this time of year at the corresponding elevations may have been more conducive to survival of S. tsugae than other temperatureÐ elevation interactions and led to population establishment. Perhaps the climate associated with the higher elevations at Laurel Falls contributed to establishment, recovery, or both, of S. tsugae at these sites. Owing to the disparity of the importance of elevation between regression and correlation analyses, and the uncertainty of the interactions between temperature and elevation, further research is needed to determine more precisely the role of elevation in establishment of introduced predators of hemlock woolly adelgid.
Pearson correlation analysis supports the results obtained from regression analysis and identiÞed several other abiotic and biotic factors signiÞcantly associated with presence and numbers of S. tsugae at release sites (Table 3) . A negative association was documented between presence of S. tsugae and year of release (P ϭ 0.001), and a positive association was documented between presence of S. tsugae and season of release (P ϭ 0.001). Temperature (average minimum [P ϭ 0.001] and maximum [P ϭ 0.001] temperatures 7 d after release and minimum [P ϭ 0.001] and maximum [P ϭ 0.001] temperatures 1 d after release) also was positively associated with presence of S. tsugae. The number of adult S. tsugae recovered was negatively associated with year of release (P ϭ 0.001) and positively associated with the average maximum (P ϭ 0.039) temperature 7 d after release and the minimum (P ϭ 0.045) and maximum (P ϭ 0.039) temperatures 1 d after release. The number of larval S. tsugae re- covered was negatively associated with year of release (P ϭ 0.001) and positively associated with the average maximum (P ϭ 0.014) temperature 7 d after release and the minimum (P ϭ 0.036) and maximum (P ϭ 0.017) temperatures 1 d after release. The total number of S. tsugae (adults and larvae) recovered was negatively associated with year of release (P ϭ 0.001) and positively associated with the average minimum (P ϭ 0.036) and maximum (P ϭ 0.009) temperatures 7 d after release, as well as the minimum (P ϭ 0.023) and maximum (P ϭ 0.014) temperature 1 d after release. No other signiÞcant associations were documented (Table 3) .
These Þndings further suggest that temperature after releases signiÞcantly inßuences establishment and time since release signiÞcantly increases the ability to detect S. tsugae. The signiÞcant negative relationship between year of release and the presence and number of S. tsugae supports the Þnding that a longer time period is required for populations of S. tsugae to increase to detectable levels than previously anticipated. The positive associations among various measures of S. tsugae and temperature at release sites further indicate that temperatures consistently above freezing within 1 wk of release increase the likelihood of establishment. The association between the presence of S. tsugae and the season of release also supports this Þnding. The importance of temperature after beetle releases seems intuitive, and this Þnding may be the most important factor for successful establishment of S. tsugae. The general activity (feeding, mating, predator avoidance, etc.) of most predatory beetles may be limited by cold temperatures. Studies in New England documented that adults of S. tsugae were able to survive temperatures consistently between Ϫ4 to 1ЊC (Cheah and McClure 2000) and were able to withstand minimum temperatures as low as Ϫ21.6ЊC (Cheah 2004) ; however, all S. tsugae observed were Tables 1 and 4 , respectively. b Probabilities: * P Ͻ 0.05, ** P Ͻ 0.01, *** P Ͻ 0.001; if no symbol is present, no signiÞcant correlation was found. c Beers transformed aspect is a measure of exposure to direct sunlight based on original aspect (Beers et al. 1966) . d Topographic relative moisture index is an estimate of soil moisture based on topography (Parker 1982) .
inactive during these cold periods. In addition, these beetles were not released in cold temperatures, rather they were released in warmer seasons and were monitored throughout the winter months. If cold temperatures prompt S. tsugae to remain inactive for too long after being accustomed to artiÞcial rearing conditions, these beetles may starve or die because of sudden exposure, despite their purported ability to withstand cold temperatures. In the current study, in all but one site S. tsugae established from single releases made when the average minimum and maximum temperatures 7 d after releases ranged from 7.5 and 28.6ЊC, respectively (Table 4 ). The one exception was a release with average temperatures 7 d after release ranging from Ϫ1.3 to 6.1ЊC, but the coldest of these temperatures occurred 5 to 7 d after releases (minimum and maximum temperatures the day after release were 3.9 and 7.1ЊC, respectively), possibly giving the beetles time to feed and seek shelter before subzero temperatures occurred (Table 4) . These Þndings may have implications for releases of other biological control agents of hemlock woolly adelgid. Keena and Montgomery (2010) found that larvae of Scymnus camptodromus (Yu and Liu) (Coleoptera: Coccinellidae), a potential predator of hemlock woolly adelgid imported from China and currently being studied in quarantine, may develop at temperatures as low as 10ЊC but may survive best at 15 to 20ЊC. Based on current Þndings, Þeld studies incorporating releases at different temperature ranges should be conducted to document the optimum conditions for the survival of this species in the Þeld after release. Reduction of impacts of hemlock woolly adelgid to eastern hemlock is important, as no other tree species is available to replace this long-lived evergreen and shade-tolerant tree. Loss of eastern hemlock because of hemlock woolly adelgid may have negative impacts on riparian and terrestrial communities associated with eastern hemlock. Area-wide application of pesticides on eastern hemlock against hemlock woolly adelgid is not feasible because of high cost, inaccessibility, and practical constraints. The most feasible and economical long-term option to control hemlock woolly adelgid is through release of biological control agents, such as S. tsugae and other predators, that have limited nontarget effects. In general, abotic and biotic factors play an important role in the success of biological control programs. This research demonstrated that several temperature variables affect establishment and recovery of these introduced predatory beetles. Temperature at the time of release is critical for long-term establishment of S. tsugae, and releases may be most successful if made when temperatures average 10 to 25ЊC 7 d after release. Accordingly, establishment may be enhanced by releasing in spring and early summer when temperatures are consistently within this range. These Þndings may assist land managers, foresters, and other professionals engaged in biological control of hemlock woolly adelgid to determine the most effective time of year to release predatory beetles to increase their survival in the Þeld. The efÞcacy and survival of S. tsugae in the eastern United States will be enhanced by these Þndings, and will lead to better management of hemlock woolly adelgid in GRSM and elsewhere. Long-term monitoring and repeated sampling at release sites will provide greater estimations of establishment of S. tsugae, and continued monitoring in GRSM will provide a better understanding of the factors inßuencing establishment of S. tsugae.
